ABSTRACT Effects of hydroxychloride (OHCl) and sulfate form of zinc and manganese supplementation on immune responses of birds fed marginally lower levels of zinc and manganese during an experimental lipopolysaccharide (LPS) injection were studied. In experiment I, 30-week-old layer birds were fed 50 mg/kg Zn+45 mg/kg Mn or 100 mg/kg Zn+90 mg/kg Mn in sulfate or OHCl form and injected with 0 or 500 μg/kg LPS in a 2 (50 mg Zn+45 mg Mn and 100 mg Zn+90 mg Mn) X 2 (sulfate and OHCl) X 2 (0 and 500 μg LPS) factorial setup of treatments for 10 weeks. Among LPSinjected birds, those receiving 50 mg ZnOHCl+45 mg MnOHCl had comparable heterophil and monocyte superoxide dismutase (SOD) activity compared to the birds fed 100 mg Zn+90 mg Mn. Compared to the birds injected with PBS, LPS injection upregulated cathelicidin and IL-1 relative mRNA amounts in monocytes from birds fed 100 mg Zn+90 mg Mn, both in sulfate and OHCl form, and in birds fed 50 mg ZnOHCl+45 mg MnOHCl, but not in the birds fed 50 mg ZnSO 4 +45 mg MnSO 4 . In experiment II, oneday-old broiler birds were fed 50 mg ZnOHCl+45 mg MnOHCl, 50 mg ZnOHCl+90 mg MnOHCl, 100 mg ZnOHCL+45 mg MnOHCl, 100 mg ZnOHCl+90 mg MnOHCl, 50 mg ZnSO 4 +45 mg MnSO 4 , or 100 mg ZnSO 4+ 90 mg MnSO 4 for 21 and 42 days. Birds fed 100 mg ZnOHCl+45 mg MnOHCl form had a comparable heterophil and monocyte SOD activity and monocyte cathelicidin mRNA amounts compared to the group fed 100 mg Zn+90 mg Mn. Increasing the ZnOHCl content from 50 mg to 100 mg/kg Zn reversed (P > 0.05) the decrease in SOD activity and monocyte cathelicidin mRNA levels of the 50 mg ZnOHCl+45 mg MnOHCL fed group, and increasing the MnOHCl content from 45 mg to 90 mg/kg in the 100 mg ZnOHCl+45 mg MnOHCl group further increased SOD activity. In conclusion, birds fed diets with lower amounts of zinc and manganese in sulfate form decreased SOD activity and IL-1 and cathelicidin amounts during inflammation, and either increasing the dietary zinc and manganese content or feeding zinc and manganese in OHCl form synergistically increased the SOD activity and IL-1 and cathelicidin mRNA amounts in immune cells.
INTRODUCTION
Lipopolysaccharide (LPS) of Gram-negative bacteria stimulates neutrophils to produce superoxide anion and hydrogen peroxide, which increases bacterial killing but predisposes the animals to oxidative damage and endotoxemic shock (Yasui, et al., 1994) and decreases poultry performance (Koh, et al., 1996) . Superoxide dismutase (SOD) catalyzes conversion of superoxide radicals to oxygen and hydrogen peroxide (Abreu and Cabelli, 2010 ) and is considered a major antioxidant defense system in poultry (Surai, 2015) . SOD is an inducible enzyme, and increased SOD activity in tissues could indicate either an adaptive response to a stress 4200 situation or potential engagement of the antioxidant defense in stress conditions (Surai, 2015) .
SOD is a metalloenzyme with zinc, copper, and manganese as a cofactor. Mn-SOD is found primarily in the mitochondrial matrix space, whereas the Cu/Zn-SOD is found in the intermembrane space (Michalski and Prowse, 1991) . Zinc (Taysi, et al., 2008) and manganese (Paynter, 1980) deficiency decreases SOD activity and increases antioxidant stress in rats. In chickens, LPS injection increases SOD activity (Gou, et al., 2015) and feeding 200 mg/kg manganese increased Mn-SOD transcription, protein, and activity (Li, et al., 2011) , showing that SOD activity is dependent on both inflammatory status as well as dietary levels of trace minerals.
Micronutrients such as zinc and manganese are included in poultry feed to achieve optimal growth and increase feed efficiency, because zinc and manganese are essential for several metabolic functions, including SOD (Miao and St Clair, 2009 ). Though trace minerals have traditionally been supplemented in animal diets as inorganic salts, such as zinc sulfate and manganese sulfate, other forms of trace minerals, such as metal amino acid chelates, metal methionine hydroxyl analog chelates, and metal propionates, recently have been promoted, owing to better stability, bioavailability, and absorption in poultry (Singh, et al., 2015) . Hydroxychlorides (OHCl) are a new class of mineral that includes Cu, Zn, and Mn. OHCl products are more soluble at the lower pH of the stomach and small intestine and hence have been shown to have higher absorption and bioavailability in ruminants (Genther and Hansen, 2015) , pigs (Creech, et al., 2004) , and poultry (Sadoval, et al., 1999) . Improved bioavailability can be expected to increase the efficiency of antioxidant defense in immune cells such as heterophils and monocytes. SOD activity is sensitive to the tissue trace mineral concentrations as observed by significantly higher Mn-SOD activity and sensitivity in heart tissue, even though manganese concentration was lower in the heart than liver and pancreas (Li, et al., 2011) .
Though extensive studies have been conducted on the absorption and bioavailability of different forms of trace minerals in animal production, practically no research has been conducted to identify the effects of the OHCl form of trace minerals on production performance and immune responses of poultry fed marginally lower doses of minerals. Although the NRC requirements of zinc and manganese are 35 mg/kg and 20 mg/kg in layer birds and 40 mg/kg and 60 mg/kg in broiler birds (NRC, 1994) , zinc and manganese are normally fed at 100 mg/kg and 90 mg/kg, respectively, in commercial poultry production. Zinc and manganese requirements for Ross 708 parent stock birds are 110 mg/kg and 120 mg/kg feed, respectively (Ross, 2007) . This study included zinc and manganese levels below the industry standards to identify whether the trace mineral sources have any effects on immune responses when zinc and manganese are marginally lower. The objectives of this experiment were to compare the effects of sulfate and OHCl forms of zinc and manganese in birds fed diets with marginal levels of zinc and manganese, and to identify whether SOD activity is relatively more sensitive to lower levels of zinc or manganese during an experimental LPS challenge.
MATERIAL AND METHODS
Two experiments were conducted to study the effects of OHCl and sulfate forms of zinc and manganese supplementation on immune responses of layer and broiler birds fed diets with marginal levels of zinc and manganese during an experimental LPS injection. All animal protocols were approved by the Institutional Animal Care and Use Committee at ADM Animal Nutrition.
Experiment I
Experiment I was conducted to study the effects of OHCl and sulfate forms of zinc and manganese supplementation on layer birds fed diets marginally deficient in zinc and manganese compared to industry standards. A total of 80 30-week-old layer birds in production (HyLine W36, S&R Egg Farms, INC., Whitewater, WI) was randomly distributed to one of 4 dietary treatments: 1) 50 mg/kg of ZnSO 4 (ZnSO 4 H 2 O; 35.5% Zn) + 45 mg/kg of MnSO 4 (MnSO 4 H 2 O; 32% Mn), 2) 50 mg/kg ZnOHCl + 45 mg/kg MnOHCl (IntelliBond Z and IntelliBond M, Micronutrients, Indianapolis, IN), 3) 100 mg/kg of ZnSO 4 + 90 mg/kg MnSO 4 , and 4) 100 mg/kg of ZnOHCl + 90 mg/kg of MnOHCl. The basal diet was a corn and soybean meal based diet (Table 1) . Each treatment was replicated in 20 cages of one layer bird per cage. At 41 wk of age, 5 birds per treatment group (n = 5) were injected with either PBS or 500 μg/kg BW LPS resulting in a 2 (50 mg Zn/45 mg Mn and 100 mg Zn/90 mg Mn) X 2 (sulfate and OHCl) X 2 (0 and 500 μg LPS) factorial setup of treatments. At 42 wk of age, the remaining 5 birds per treatment group (n = 5) were injected with either 0 (PBS) or 500 μg/kg BW LPS. At 24 h post-LPS challenge, birds were sacrificed by carbon dioxide euthanization to collect peripheral blood heterophils, monocytes, and spleen. Egg production was measured daily to calculate the hen day egg production (HDEP). Body weight was measured before LPS injection and at 24 h post LPS injection. Mortality rate also was recorded.
Experiment II
Experiment II was conducted to study the effects of OHCl and the sulfate form of zinc and manganese supplementation on broiler birds fed diets with marginally lower levels of zinc and manganese (Table 1) . A total of 60 one-day-old male Ross 708 broiler chicks (Welp Hatchery, Bancroft, IA 50,517) was randomly distributed to one of 6 dietary treatments: 1) 50 mg/kg ZnOHCl + 45 mg/kg MnOHCl, 2) 50 mg/kg ZnOHCl + 90 mg/kg MnOHCl, 3) 100 mg/kg ZnOHCl + 45 mg/kg MnOHCl, 4) 100 mg/kg ZnOHCl + 90 mg/kg MnOHCl, 5) 50 mg/kg ZnSO 4 + 45 mg/kg of MnSO 4 form, and 6) 100 mg/kg ZnSO 4 + 90 mg/kg MnSO 4 . Each treatment was replicated in 10 cages of one broiler bird per cage. At 21 d of age, 5 birds per treatment group (n = 5) were injected with LPS at 500 μg/kg BW. At 42 d of age, the remaining 5 birds per treatment group (n = 5) were injected with LPS at 500 μg/kg BW. At 24 h post LPS challenge, birds were sacrificed to collect peripheral blood heterophils, monocytes, and spleen. BW was measured weekly, before LPS injection and at 24 h post LPS injection. Mortality rate was recorded.
Heterophil and Monocyte Collection
Approximately 10 mL of blood were collected via heart puncture immediately following euthanization. Heterophils (Chuammitri, et al., 2009 ) and monocytes were collected as described previously. Briefly, 15 mL of blood were mixed with 10% EDTA solution (SigmaAldrich, St. Louis, MO) in 9:1 v/v and mixed with 1% methylcellulose (Sigma-Aldrich, St. Louis, MO), centrifuged at 15 × g for 15 minutes. The buffy coat was collected carefully layered over a discontinuous density gradient (Histopaque, Sigma-Aldrich; specific gravity 1.077 over 1.119 g/mL) and centrifuged at 500 × g for 15 min without brakes.
The 1.077/1.119 g/mL interface and 1.119 g/mL bands were collected, re-suspended in calcium and magnesium-free Hank's balanced salt solution with fetal bovine serum, and washed at 370 × g for 10 minutes. Red blood cells were lysed with lysis buffer containing 1 g/L potassium bicarbonate (Sigma-Aldrich, St. Louis, MO) and 0.87 g/L ammonium chloride (Sigma-Aldrich, St. Louis, MO) for 3 min and washed. The cells were counted and viability was determined with trypan blue exclusion test, and the final heterophil suspension was diluted to 5 × 10 6 cells/mL in Hank's balanced salt solution.
The macrophage-enriched populations at the 1.077 band were cultured (2 × 10 8 cells per well) in 6 well plates in 2 mL of RPMI-1640 medium supplemented with 5% chicken serum and 1% penicillin plus streptomycin (media) in a 5% CO 2 incubator at 37
• C. After 24 h incubation, the non-adherent cells were removed by washing with PBS. The adherent cells were detached by trypsinization and washed. The cells were counted and viability was determined with trypan blue exclusion test, and the final monocyte suspension was diluted to 5 × 10 6 cells/mL in Hank's balanced salt solution.
Heterophil and Monocyte Superoxide Dismutase Activity
The SOD activity of heterophils and monocytes was determined using a SOD kit (Cayman chemicals, Ann Arbor, MI). 1 × 10 6 heterophils or monocytes were sonicated in cold 20 mM HEPES buffer (pH 7.2) containing 1 mM EGTA, 210 nM mannitol, and 70 mM sucrose. The solution was centrifuged at 1,500 × g for 5 min at 4
• C. The supernatant was analyzed for SOD activity following manufacturer instruction. The final activity was measured in a 96-well reader (Epoch, Biotek, Winooski, VT) at 450 nm.
mRNA Analysis
Total RNA was collected from the spleen and monocytes and reverse transcribed into cDNA (Selvaraj and Klasing, 2006) . Spleen mRNA was analyzed for IL-10 (5 -caatccagggacgatgaact-3 and 5 -ggcaggacctcatctgtgtag-3 ) and IL-1β (5 -tcctccagccagaaagtga-3 and 5 -caggcggtagaagatgaagc-3 ). Monocyte mRNA was analyzed for cathelicidin (5 -gcatctgggagtggttgaat-3 and 5 -ttggggacactcagtgacag-3 ) relative mRNA amounts by real-time PCR (iCycler, BioRad) using SyBr green after normalizing for β-actin mRNA (5 -accggactgttaccaacacc-3 and 5 -gactgctgctgacaccttca-3 ) (Shanmugasundaram and Selvaraj, 2010) . The annealing temperature for IL-10 was 55
• C, for IL-1β was 55
• C, for cathelicidin was 57
• C, and for β-actin was 57
Fold change from the reference was calculated as 2 (Ct Sample-housekeeping) /2 (Ct Reference-housekeeping) , where Ct is the threshold cycle (Schmittgen and Livak, 2008) . Ct was determined by iQ5 software (Biorad, Hercules, CA) when the fluorescence rose exponentially 2-fold above the background. The reference group was the birds fed 50 mg ZnSO 4 + 45 MnSO 4 in experiment I and 50 mg ZnOHCl + 45 mg MnOHCl in the second experiment.
Statistical Analysis
A 3-way ANOVA (JMP, SAS, Cary, NC) was used to examine the interaction between the levels of zinc and manganese, forms of zinc and manganese, and LPS dose on the dependent variables in experiment I. When the interaction effects were significant (P < 0.05), differences between means were analyzed by Tukey's least square means comparison. A one-way ANOVA was used to examine the effects of different treatments on the dependent variables in experiment II. When the main effects were significant (P < 0.05), differences between means were analyzed by Tukey's least square means comparison.
RESULTS

Experiment I Effects of OHCl and Sulfate Form of Zinc and
Manganese on HDEP and 24 h BW Gain Post LPS Injection. There were no significant (P < 0.05) interactions or main effects of level and source of zinc and manganese and LPS injection on HDEP and 24 h BW gain post LPS injection at 41 or 42 wk of age (data not shown).
Effects of OHCl and Sulfate form of Zinc and Manganese on Heterophil and Monocyte Superoxide Dismutase Activity. There were significant interactions (P < 0.01; P < 0.01) between level and source of zinc and manganese and LPS injection at 41 wk of age for heterophil ( Figure 1 ) and monocyte ( Figure 2 ) SOD activity. LPS-injected birds had a higher heterophil and monocyte SOD activity than that of PBS-injected birds. In birds injected with LPS, those fed 50 mg ZnSO 4 + 45 mg MnSO 4 had lower heterophil and monocyte SOD activity than that of birds fed 100 mg ZnSO 4 + 90 mg MnSO 4 . In birds injected with LPS, birds fed 50 mg ZnOHCl + 45 mg MnOHCl had comparable SOD activity to the birds fed 100 mg ZnOHCl + 90 mg MnOHCl. Among birds fed 100 mg zinc and 90 mg manganese and challenged with LPS, the heterophil and monocyte SOD activities were comparable in groups fed sulfate and OHCl forms of zinc and manganese.
Effects Figure 1 . Effects of hydroxychloride and sulfate form of zinc and manganese supplementation on heterophil superoxide dismutase (SOD) activity (Exp. I). Thirty-week-old layer birds were fed either 50 mg/kg feed of zinc and 45 mg/kg feed of manganese (50Zn45Mn) or 100 mg/kg feed of zinc and 90 mg/kg feed of manganese (100Zn90Mn) in either hydroxychloride (OHCl) or sulfate (SO4) form for 10 or 11 wk and injected with PBS or 500 μg/kg BW lipopolysaccharide (LPS) in a 2 × 2 × 2 factorial setup. At 24 h post LPS injection, peripheral blood heterophils were collected and analyzed for SOD activity. Bars (Mean ± SEM) with no common superscripts within a wk differ significantly (P < 0.05). P-values 41 wk: LPS P < 0.01; Level P < 0.01; Source P = 0.88; LPS X Level P < 0.01; LPS X Source P = 0.39; Level X Source P = 0.07; LPS X Level X Source P = 0.05. 42 wk: LPS P < 0.01; Level P < 0.01; Form P = 0.01; LPS X Level P = 0.01; LPS X Source P = 0.01; Level X Source P = 0.04; LPS X Level X Source P = 0.19. n = 5. Figure 2 . Effects of hydroxychloride and sulfate form of zinc and manganese supplementation on monocyte superoxide dismutase (SOD) activity (Exp. I). Thirty-week-old layer birds were fed either 50 mg/kg feed of zinc and 45 mg/kg feed of manganese (50Zn45Mn) or 100 mg/kg feed of zinc and 90 mg/kg feed of manganese (100Zn90Mn) in either hydroxychloride (OHCl) or sulfate (SO4) form for 10 or 11 wk and injected with PBS or 500 μg/kg BW lipopolysaccharide (LPS) in a 2 × 2 × 2 factorial setup. At 24 h post LPS injection, peripheral blood monocytes were collected and analyzed for SOD activity. Bars (Mean ± SEM) with no common superscripts within a wk differ significantly (P < 0.05). P-values 41 wk: LPS P < 0.01; Level P = 0.02; Source P = 0.01; LPS X Level P < 0.01; LPS X Source P < 0.01; Level X Source P = 0.01; LPS X Level X Source P = 0.01. 42 wk: LPS P < 0.01; Level P < 0.01; Source P = 0.02; LPS X Level P < 0.01; LPS X Source P = 0.39; Level X Source P = 0.28; LPS X Level X Source P = 0.47. n = 5. source of zinc and manganese and LPS injection at 41 wk of age in monocyte cathelicidin relative mRNA amounts (Figure 3) . Compared to the birds injected with PBS, LPS injection upregulated cathelicidin relative mRNA amounts only in monocytes from birds fed 100 mg zinc and 90 mg manganese in both mineral Figure 3 . Effects of hydroxychloride and sulfate form of zinc and manganese supplementation on monocyte cathelicidin relative mRNA amounts (Exp. I). Thirty-week-old layer birds were fed either 50 mg/kg feed of zinc and 45 mg/kg feed of manganese (50Zn45Mn) or 100 mg/kg feed of zinc and 90 mg/kg feed of manganese (100Zn90Mn) in either hydroxychloride (OHCl) or sulfate (SO4) form for 10 or 11 wk and injected with PBS or 500 μg/kg BW lipopolysaccharide (LPS) in a 2 × 2 × 2 factorial setup. At 24 h post LPS injection, monocyte cathelicidn mRNA content was analyzed after correcting for β-actin mRNA content and normalizing to the mRNA content of the group fed 50 mg ZnSO 4 + 45 mg MnSO 4 , so all bars represent fold change compared to that group. Bars (Mean ± SEM) with no common superscripts within a wk differ significantly (P < 0.05). P-values 41 wk: LPS P < 0.01; Level P = 0.09; Source P = 0.02; LPS X Level P = 0.32; LPS X Source P = 0.05; Level X Source P = 0.01; LPS X Level X Source P = 0.05. 42 wk: LPS P < 0.01; Level P = 0.10; Source P = 0.03; LPS X Level P = 0.18; LPS X Source P = 0.49; Level X Source P = 0.16; LPS X Level X Source P = 0.36. n = 5.
forms and in birds fed 50 mg ZnOHCl + 45 mg MnOHCl, but not in the birds fed 50 mg ZnSO 4 + 45 mg MnSO 4 .
Effects of OHCl and Sulfate form of Zinc and Manganese Supplementation on Spleen IL-1 Relative mRNA Amounts. There were significant interactions (P = 0.01; P = 0.04) between amount and source of zinc and manganese and LPS injection at 41 and 42 wk of age in spleen IL-1 relative mRNA amounts (Figure 4) . Compared to the birds injected with PBS, LPS injection upregulated IL-1 relative mRNA amounts in spleen from birds fed 100 mg zinc and 90 mg manganese, both in sulfate and OHCl form, and in birds fed 50 mg ZnOHCl + 45 mg MnOHCl, but not in the birds fed 50 mg ZnSO 4 + 45 mg MnSO 4 at 42 wk of age.
Effects of OHCl and Sulfate Form of Zinc and Manganese Supplementation on Spleen IL-10 Relative mRNA Amounts. There was no significant interaction (P = 0.70; P = 0.18) or main effects of level (P = 0.75; P = 0.14) or source (P = 0.74; P = 0.95) of zinc and manganese and LPS injection (P = 0.69; P = 0.15) on spleen IL-10 relative mRNA amounts at 41 or 42 wk of age (data not shown). . Effects of hydroxychloride and sulfate form of zinc and manganese supplementation on spleen IL-1 relative mRNA amounts (Exp. I). Thirty-week-old layer birds were fed either 50 mg/kg feed of zinc and 45 mg/kg feed of manganese (50Zn45Mn) or 100 mg/kg feed of zinc and 90 mg/kg feed of manganese (100Zn90Mn) in either hydroxychloride (OHCl) or sulfate (SO4) form for 10 or 11 wk and injected with PBS or 500 μg/kg BW lipopolysaccharide (LPS) in a 2 × 2 × 2 factorial setup. At 24 h post LPS injection, monocyte cathelicidn mRNA content was analyzed after correcting for β-actin mRNA content and normalizing to the mRNA content of the group fed 50 mg ZnSO 4 + 45 mg MnSO 4 , so all bars represent fold change compared to that group. Bars (Mean ± SEM) with no common superscripts within a wk differ significantly (P < 0.05). P-values 41 wk: LPS P < 0.01; Level P = 0.01; Source P = 0.01; LPS X Level P = 0.01; LPS X Source P = 0.01; Level X Source P = 0.01; LPS X Level X Source P = 0.01. 42 wk: LPS P < 0.01; Level P = 0.08; Source P = 0.01; LPS X Level P = 0.14; LPS X Source P = 0.01; Level X Source P = 0.04; LPS X Level X Source P = 0.04. n = 5.
Experiment II
(P < 0.05) between the treatment groups at 21 or 42 d of age (data not shown).
Effects of OHCl and Sulfate Form of Zinc and Manganese Supplementation on Heterophil and
Monocyte Superoxide Dismutase Activity. Birds fed 50 mg zinc and 45 mg manganese as sulfate or OHCl had a significantly (P < 0.01) lower SOD activity in heterophils ( Figure 5 ) and monocytes ( Figure 6 ) compared to the birds fed 100 mg ZnOHCl + 90 mg MnOHCl at both 21 and 42 d of age. Birds fed 100 mg ZnOHCl + 45 mg MnOHCl had a comparable heterophil and monocyte SOD activity to the group fed 100 mg ZnOHCl + 90 mg MnOHCl at 21d of age.
Effects of OHCl and Sulfate Form of Zinc and Manganese Supplementation on Monocyte Cathelicidin Relative mRNA Amounts. Birds fed 50 mg zinc and 45 mg manganese as sulfate or OHCl had a significantly (P < 0.01) lower monocyte cathelicidin (Figure 7 ) relative mRNA amounts compared to the birds fed 100 mg zinc and 90 mg manganese at 42 d of age. Birds fed 100 mg ZnOHCl and 45 mg MnOHCl had a comparable monocyte cathelicidin relative mRNA amounts to the group fed 100 mg zinc and 90 mg manganese.
Effects of OHCl and Sulfate Form of Zinc and Manganese Supplementation on Spleen IL-1 Relative mRNA Amounts. Birds fed 50 mg zinc and 45 mg manganese as sulfate or OHCl had a significantly (P < 0.01) lower spleen IL-1 (Figure 8 ) relative mRNA amounts compared to the birds fed 100 mg zinc and (LPS) . At 24 h post LPS injection, peripheral blood monocyte cathelicidn mRNA content was analyzed after correcting for β-actin mRNA content and normalizing to the mRNA content of the 50Zn45MnOHCl group, so all bars represent fold change compared to that group. Bars (Mean ± SEM) with no common superscripts within a wk differ significantly (P < 0.05). P-values: 21 d P < 0.01; 42 d: P < 0.01. n = 5. . At 24 h post LPS injection, peripheral blood monocyte cathelicidn mRNA content was analyzed after correcting for β-actin mRNA content and normalizing to the mRNA content of the 50Zn45Mn OHCl group, so all bars represent fold change compared to that group. Bars (Mean ± SEM) with no common superscripts within a wk differ significantly (P < 0.05). P-values: 21 d P < 0.01; 42 d: P < 0.01. n = 5.
DISCUSSION
Two experiments were conducted to study the effect of OHCl and sulfate form of zinc and manganese supplementation on layer and broiler bird immune responses and to identify the relative importance of zinc and manganese to the total SOD activity post LPS injection. Feeding layer diets marginally deficient in zinc and manganese as sulfates decreased the SOD activity, spleen, IL-1, and cathelicidin relative mRNA levels, and supplementing zinc and manganese as OHCl reversed the decrease in SOD activity, spleen IL-1, and cathelicidin relative mRNA levels. Feeding broiler diets low in zinc and manganese as sulfates decreased SOD activity, while supplementing the feed with ZnOHCl reversed the decrease in SOD. Increasing the MnOHCl in birds fed higher amounts of ZnOHCl further increased the SOD activity, suggesting synergistic effects between ZnOHCl and MnOHCl on SOD activity and IL-1 production.
The study observed decreased SOD activity in heterophils and monocytes of birds that were marginally deficient in either zinc or manganese, identifying that SOD activity is compromised in birds fed marginally lower levels of Zn and Mn during inflammation. Chicken heterophils and monocytes (Gou, et al., 2015) produce superoxides in response to inflammatory stimulus, and SOD catalyzes the neutralization of superoxide radicals and serves to protect the cells against oxidative damage (Abreu and Cabelli, 2010) . Three isoforms of SOD enzymes, mitochondrial manganese SOD, intracellular copper-zinc SOD, and extracellular SOD, have been described in poultry (Surai, 2015) . The upregulation and downregulation of SOD enzymes involves a complex interaction among the trace mineral levels, oxidative stress, and isoform of the SOD. Copper deficiency decreases copper-zinc SOD while increasing the manganese-SOD activity in liver cells (Lai, et al., 1994) . Similarly, zinc deficiency increases free-radical generation and decreases hepatic CuZn-SOD activity in mice (Cao and Chen, 1991) . Dietary manganese increased heart tissue manganese SOD activity until dietary manganese concentration was 80 mg/kg Mn in chickens (Lu, et al., 2016) . Increasing the dietary zinc and manganese or providing zinc and manganese in the OHCL form reversed the lower levels of zinc-and manganese-induced loss in SOD activity, identifying that zinc and manganese amounts as well as form of supplementation are more critical for the total SOD activity. At higher levels of ZnOHCl and MnOHCl supplementation, synergistic interactions between zinc and manganese in improving SOD activity identified that both mitochondrial manganese SOD and intracellular zinc SOD contribute to antioxidant defense during an inflammatory challenge.
This study identified that in birds fed marginally deficient diets, feeding zinc and manganese as OHCl improved SOD activity. Hydroxychloride mineral availability has been extensively studied in ruminants (Spears and Kegley, 2002; Wagner, et al., 2016) and poultry (Batal, et al., 2001) . It has been observed that zinc fed as OHCl is 122% more available compared to that fed as sulfate form (Batal, et al., 2001) . Zinc fed as OHCl increased bone zinc compared to sulfate form (Cao, et al., 2000) . Similarly, higher bioavailability for the chloride form of copper has been observed in chicks (Miles, et al., 1998) . Increased digestibility and availability could explain the increased SOD activity in birds fed zinc OHCl. In addition, because OHCl mineral forms are less reactive with other minerals and vitamins in the feed (Lu, et al., 2010) , OHCl minerals could improve zinc absorption, as other micronutrients, such as vitamin A (Christian and West, 1998) , have been shown to improve trace mineral absorption.
This study identified that birds marginally deficient in zinc and manganese had decreased IL-1 and cathelicidin mRNA at 42 days. Loss of IL-1 and cathelicidin in birds fed marginally deficient amounts of zinc and manganese will severely compromise the ability to fight infection. The roles of zinc and manganese on cell signal transductions have been extensively reviewed (Clegg, et al., 2005; Aschner, et al., 2007) . Zinc is a component of protein domains that are essential for binding of Nfκb, a transcription factor involved in inflammatory cytokine production, to DNA, and supplementing zinc increased Nfκb (Bao, et al., 2007) . This study observed decreased SOD activity in birds fed diets marginally deficient in zinc and manganese, which is expected to increase oxidative stress (Surai, 2015) . NF-κB DNAbinding activity is downregulated under conditions of sustained high oxidative stress (Krishnamoorthy, et al., 1999) . The expected decrease in NF-κB activity in birds with marginally deficient zinc and manganese can explain the decrease in IL-1 and cathelicidin mRNA. Birds fed marginal zinc and manganese in the OHCl form had comparable SOD activity and IL-1 and cathelicidin amounts, compared to birds fed adequate minerals, suggesting that loss in SOD activity and the accompanying increase in oxidative stress is the probable mechanism for the loss of IL-1 and cathelcidin mRNA post LPS injection. In birds fed adequate amounts of zinc, a synergistic increase in SOD activity and IL-1 production was observed in birds fed higher amounts of ZnOHCl and MnOHCl.
In conclusion, birds fed diets with marginally lower amounts of zinc and manganese in sulfate form decreased SOD activity and IL-1 and cathelicidin amounts during an inflammatory response, and either increasing the dietary zinc and manganese content or feeding zinc and manganese in OHCl form synergistically increased the SOD activity and IL-1 and cathelicidin relative mRNA amounts in immune cells.
